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Abstract 
Precise force measurements are often used for the development of machining processes. A key measure thereby is the specific 
cutting force, which comprises several factors such as cutting and work piece material as well as the cutting edge geometry. 
Therefore, it is vital for cutting tests to be as close to the real application as possible in order to guarantee a good alignment and 
transferability of the results. In many cutting tests carried out in a laboratory environment this cannot sufficiently be ensured. This 
paper presents two specific processes being applied in aeronautic industry for which force measurement systems were specially 
developed to satisfy the mentioned requirements. On the one hand, a 4-Component-High-Speed Rotating-Cutting-Force-Dynometer 
is employed for machining Aluminium parts on a machining center. On the other hand, a specially designed 3-Component Cutting-
Force-Dynamometer was installed to an industrial broaching machine tool manufacturing slots in a Nickel-Based alloy. Besides an 
introduction of the new equipment, cutting tests being carried out with the piezo-electric sensor technology are analyzed and 
discussed regarding the achieved results. 
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1. Introduction 
The number of safety critical parts to be 
manufactured will increase significantly in the following 
years. According to a forecast the number of new 
airplanes will grow by more than 27,000 until 2025 
compared to 2005 [1]. This leads automatically to an 
increased economic pressure on the manufacturers in the 
aviation industry. Parallel to this, new materials and 
technologies are permanently introduced to the 
production in order to achieve new generations of 
turbine engines with a higher efficiency. This causes 
additional challenges for the machining operations with 
regard to their flexibility and controllability. 
To improve the situation for the manufacturers in 
aviation industry, new and more intelligent machining 
processes are required. Only then it is possible to expand 
the currently available production capacity while 
guaranteeing high product qualities despite changing 
production factors. A highly promising approach to 
achieve this new generation of machining processes is 
the integration of monitoring and control strategies into 
the production. 
The following article presents two new concepts for 
force measurement systems for different processes in 
aero engine industry, which enable process monitoring 
under real production conditions. 
2. Process monitoring and control of five-axis milling 
processes  
Blade integrated disks (Blisk) are used in aero 
engines compressor stages and are manufactured from 
solid using five-axis milling operations in order to 
reduce weight. Difficult to machine materials, changing 
boundary conditions and complex tooth engagements 
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complicate the milling operations and necessitate 
compromises in the process design. Nowadays, in order 
to reduce the risk of a total loss of the part during the 
machining the cutting parameters used are often 
conservative. This results in low productivity, because 
the efficiency along the tool path is often low [2]. Even 
conservative cutting parameters do not guarantee that the 
demanded product quality is met. In order to increase the 
process efficiency research activities focus on the 
development of new approaches for five-axis milling 
operations in the field of process simulation as well as 
process monitoring and control. 
Process simulation is used to determine and optimize 
the process behavior along the tool path prior 
production. Klobasa developed an approach to calculate 
the resulting flank geometry in dependence on cutting 
force and engagement situation for slot milling using end 
mills with helix angle [3]. Klocke et al. presented a 
simulation method based on geometrical models to 
optimize a trochoidal rough milling process [4]. Here, 
not only the engagement situation, but also the dynamic 
behavior of the machine tool is considered to generate 
optimized NC data. Surmann presented a simulation 
system for free form milling operations that calculates 
the tool vibration [5]. To obtain continuous descriptions 
of the engagement conditions and the respective chip 
thickness, the constructive solid geometry (CSG) has 
been applied. This enables high accurate force 
calculation and allows the computation of self-excited 
chatter vibrations using an oscillator model for the 
cutting tool. Ferry and Altintas presented a feed rate 
optimization approach for five-axis flank milling of jet 
engine impellers [6]. Based on a process simulation the 
cutting forces were calculated for discrete points of the 
tool path. These cutting forces were used to determine 
the corresponding torque, chip load, tool deflection and 
tool stress. By comparing all calculated values with pre-
determined limits, the maximum feed was determined 
for each operation point. The optimized feed values 
reduced the processing time by approximately 45 %. 
Current research activities within the Cluster of 
Excellence “Integrative Production Technology for 
High-Wage Countries” focus on the development of new 
model-based control strategies for roughing and 
finishing operations in blisk milling. Based on the 
current tool position and process monitoring signals the 
system achieved accurate information about the 
respective cutting situation. This information is used to 
calculate appropriate values for the cutting parameters 
which are implemented by the control system. A detailed 
overview of the control approaches is presented in [7] 
and [8]. 
A necessary precondition to evaluate the applicability 
of both, process simulation and process control strategies 
for the industrial blisk manufacturing is the test on a real 
part. For this purpose, measurement systems with a high 
dynamic range that are able to acquire the actual process 
behavior during roughing (lower speeds) and finishing 
(higher speeds) operations are required. One major 
indicator in five-axis milling is the cutting force. Force 
measurement is often used for material testing, tool 
development or evaluation of process parameters. 
To accurately measure cutting forces, the Highspeed 
Rotating Cutting Force Dynamometer (RCD) has been 
applied to a blisk milling process. The measurement 
system and first measurement results are introduced in 
the following. The measurement system will be used to 
evaluate the developed control strategies in further 
research activities of the Cluster of Excellence. 
2.1 System description 
In most cases, force measurement dynamometers 
based on piezoelectric sensors are used and installed on 
the work piece side. The measurement device is fixed on 
the machine table and the work piece is mounted on the 
measurement device. 
High performance cutting implicates processes with 
high cutting speeds and large feed rates. Standard 
dynamometers reach their dynamic in these processes. 
Engagement frequencies near or above the natural 
system frequencies result in oscillations and excessive 
amplitudes [9]. In order to increase natural frequencies 
and hence overcome this limit, the work piece mass has 
to be reduced. As this solution is not applicable for 
industrial manufacturing processes, work piece sided 
measurement cannot be used in high performance 
cutting.  
Besides stationary force measurement, acquiring 
signals on the tool side offers further potential. The main 
challenge, however, is that the measurement system has 
to be integrated into a tool holder, it has to be supplied 
with energy and the data connection has to be wireless. 
Energy supply can be done either with a battery or using 
induction coils like in a coreless transformer.  
In [10] a first prototype of the Kistler HS RCD was 
tested. The device used for the experimental part of this 
article is an improved version having a higher sensitivity 
and an improved signal-to-noise ratio. Figure 1 shows 
the block diagram of the HS RCD.  
As can be seen in the figure, the RCD consists of a 
sensor, charge amplifiers, a multiplexer and data and 
power supply modules. Mechanical load on the 
piezoelectric sensor leads to a dislocation of charge. This 
charge is converted to a proportional voltage that is 
digitized through 12 bit analogue digital converters. A 
multiplexer combines the single channel signals and a 
transmission module generates the wireless signal. 
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Fig. 1. Block diagram of Highspeed RCD. 
The measurement system delivers data with a 
sampling rate of 22.2 kHz. In order to keep the 
measurement system at ideal performance, the charge 
amplifier settings can be adopted depending on the 
mechanical load. Therefore, a wireless connection from 
the stationary part to the rotating RCD is available to 
select between three different range capacitors. The 
power supply for the rotating unit is realized by 
inductive transmission.  
2.2 Experimental test results 
The Highspeed RCD described above was tested on 
the Mazak Variaxis 630-5X II T, a 5-axis machine tool 
with a maximum rotational speed of 18,000 rpm. This 
machine tool is used to realize a blisk milling process. 
Before the tests on the blisk milling process were carried 
out, the RCD was used to machine single lines of a block 
material at different cutting speeds. The values for feed 
rate and the depth of cut were kept constant during the 
machining tests and selected as follows: 
• Feed rate f = 0.3 mm/rev, 
• Radial depth of cut ae = 6 mm and 
• Axial depth of cut ap = 10 mm. 
Figure 2 (top) shows a measurement signal acquired 
at a rotational speed of 6,000 rpm which also could be 
done with a standard rotating force dynamometer. In 
contrast to that, the bottom part shows a measurement 
signal at a speed of 18,000 rpm. As can be seen, the 
measurement system is able to accurately measure forces 
even at very high rotational speeds. The asymmetry and 
the difference in amplitude between the forces in x- and 
y-direction result from a radial run out deviation. On the 
one hand this can be caused due to an error in symmetry 
of the cutter and on the other hand due to the use of 
collets, which is the major influence here. 
Despite high excitation frequencies, the measurement 
system and the signal quality was not affected. Thus, the 
capability of the measurement to provide reliable 
process information about high dynamic processes such 
as blisk milling is approved. 
 
Fig. 2. Measurement signal at 6,000 rpm (top) and at 18,000 rpm 
(bottom). 
After the operational capability of the measurement 
system could be shown, first measurements were carried 
out during the trochoidal blisk milling process. The 
trochoidal milling process is characterized by a constant 
circular interpolation movement which enables the use 
of high feed rates and cutting speeds. This allows a very 
efficient production of slots and thus, is commonly used 
for manufacturing blisks. Each blade is machined in 
such a way, that the complete blade height is divided 
into several blocks which are stepwise machined. This 
reduces negative influences on the machining process by 
component vibrations.  
In the present study, the measurement system was 
applied to the roughing process of the first block. The 
measurement setup is shown in Figure 3. The resulting 
measurement signals are acquired for the three 
coordinate axis x, y and z of the RCD as well as the 
torque. The rotational speed was set to approx. 14,000 
rpm. A detailed specification of the cutting parameters is 
not possible due to confidentiality. As an example, the 
force signal being measured in the x-direction is 
illustrated in Figure 4. 
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Fig. 3. Measurement setup. 
The force is plotted against the processing time. The 
axis scale values are also not plotted for the same reason.  
 
 
Fig. 4. Measurement signal of the trochoidal milling process. 
The measurement signal represents the typical 
behavior of the trochoidal milling process. It can be seen 
that the tool is not permanently engaged due to the 
circular interpolation movement. Furthermore, the 
engagement situation changes along the tool path which 
leads to different force levels in the measurement signal. 
This shows the potential of monitoring and control 
strategies to increase the process efficiency by adapting 
the cutting parameters in such a way that the forces are 
at the same level for each tool engagement. At the same 
time, the measurement shows that the presented HS 
RCD is able to provide accurate information about the 
milling process despite the high process dynamic. This 
forms a reliable basis for the future research on 
monitoring and control strategies for five-axis milling 
operations. 
3 Force monitoring under industrial conditions in 
broaching 
Test series in broaching, and further research being 
carried out under laboratory conditions required for 
technology advancements in broaching can rarely be 
found in literature. Several articles on that topic have 
been published by Axinte et al [11]. The reason for that 
are very high costs for broaching machine tools as well 
as the tooling. Consequently, machining time on 
industrial machine tools is often not available and 
suitable test machine tools in a research environment do 
not exist [8]. As a result, new developments for machine 
tools and especially in tool design are based on mere 
experience. 
In the following chapter, a new broaching machine 
tool which is located at RWTH Aachen University 
laboratories is presented. The prototype broaching 
machine tool was developed for research purpose in the 
field of aero engine industry and is a fully industrial 
broaching machine tool. It is electro-mechanically 
driven and can realize tractive forces up to 80 kN. In 
order to promote tool developments also into the 
direction of solid carbide broaches, the tool-axis can 
travel at speeds up to 100 m/min. In order to keep the 
machine tool dimensions small, the tool slide was 
designed as a three-ram concept where tool segments 
can be mounted up to a total length of 5400 mm. 
3.1 The broaching force measurement system 
When performing tests on a broaching machine tool, 
a precise force measurement system can be named as 
one of the most important measures needed to evaluate 
the process. Equipping industrial machine tools with 
force measurement systems, however, due to strict 
regulations in the manufacture of safety critical aero 
engine components is often not possible. Thus, it was 
vital for the test machine tool to have an integrated 
sensor system which can be installed into the machine. 
Figure 5 presents, how the force measurement system 
is integrated between the machine and the indexing 
table. The machine table is designed as a cross table and 
realizes movements along the x and y-axis. The cutting 
speed direction along the z-axis is performed by the tool 
slide. The indexing table (c-axis) conducts the work 
piece rotation and sections the angular position of the 
slot profile in the turbine disk. The force sensor is a 
piezoelectric 3-component dynamometer which was 
specially designed for the broaching machine tool. It is 
connected to the machine and indexing table via fitted 
interface seats. The model in Figure 5 shows a 
standardized 10” indexing table, however, the 
dynamometer was provided with interface seats for a 12” 
table as well. In order to perform test without using the 
indexing table, the covering plate of the force sensor 
features an M16 hole-pattern, too. The measuring range 
is ±80 kN in z, and ±50 kN in x and y-direction. The 
nominal sensitivity is -2 pC/N in z, and -4 pC/N in x and 
y-orientation. Natural frequencies are between 1.1 and 
1.2 kHz in all three special directions. Furthermore, the 
dynamometer was calibrated for the case of external 
broaching. In terms of the force measurement system, 
this means the above mentioned values are related to the 
working points outside the dynamometer. 
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Fig. 5. CAD-model of the broaching force dynamometer  (top) and  
set-up in the machine tool work space (bottom) 
The photograph in Figure 5 (bottom) gives an 
overview of the dynamometer mounted on the machine 
table in the working space of the broaching machine 
tool. The indexing table is not mounted. Instead, a 
fixture for sample work pieces is installed. 
3.1.1 Experimental tests and results 
In the following, the dynamometer performance is 
described by means of test series, which was carried out 
in order to show the transferability of sample tool testing 
to real industrial tools. For that reason, a set of 
experiments was carried out using short High-Speed-
Steel (HSS) sample tools. The tools had 17 teeth, a 
cutting edge width of 5 mm. The rake angle and the rise-
per-tooth (RPT) were variable parameters and were set 
to the values given in Figure 6 (see box on top). 
Furthermore, the cutting speed was tested at three stages 
within the common range for HSS broaches machining 
the Nickel-based alloy Inconel 718. 
In order to transfer the results from the sample tool 
testing to an industrial tool, the Kienzle-force model was 
employed [12]. The formula is given in Equation 1. The 
aim is to determine the parameter kc1.1 by means of the 
sample tools in order to predict the total cutting force 
emerging with the industrial broaching tool. 
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The visualization of the parameters is given in 
Figure 6. The measured cutting force normalized by the 
tooth width is plotted over the chipping thickness in a 
logarithmic scaled graph. The test results being achieved 
at a cutting speed of 2.5 m/min are indicated in the 
present diagram.  
 
 
Fig. 6. Test parameters (box on top) and visualization of the Kienzle-
force model (diagram) 
The red and blue curves represent the test series 
performed at a rake angle (Ȗ) of 5° and 10°, respectively. 
It is obvious, that the measurement points are on a line. 
According to the Kienzle force model, it is valid to 
extrapolate the results within a decade. The intercept at 
the value y=1 is considered the value kc1.1, the exponent 
1-mc represents the curve slope in logarithmic diagram. 
The values from the experimental results, however, were 
not determined graphically, but calculated using 
Equation 2 and 3. 
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The values achieved by the experiments considered 
rake angles of 5° and 10°. The Industrial tool, however, 
exhibited a rake angle of 8°, which was not tested. 
Therefore, the 1-mc and kc1.1 were interpolated in a 
second step using the values gained for rake angle 5° 
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(x1) and 10° (x2). This way, the total force values could 
be calculated for the industrial tool (RPT=75 μm; Ȗ=8°, 
b=9.6 mm) using Equation 1. The transfer result is 
presented in Figure 7.  
 
 
Fig. 7. Force signal recorded using an  industrial broaching tool at a 
cutting speed of 2.5 m/min (top) and  zoom  into cutting force (bottom) 
The top part of the figure shows the overall force 
measurement in the three special directions. Due to 
symmetry of the orthogonal rough cutting tool, the force 
in x-direction is approx. zero. Due to a tooth pitch of 
15 mm and a work piece height of 19 mm, one and two 
teeth are engaged at a time as the broach moves through 
the material. The bottom part of the figure shows an 
enlarged signal excerpt. The calculated cutting force is 
highlighted by the continuous black line at 3810.4 N. As 
can be seen, this value fits the real cutting force very 
closely. 
Similar calculations were made for other tool 
parameters, that is to say cutting speeds and rake angles. 
It can be stated, that the results were of comparably 
quality. 
4. Conclusions 
The article presented two new concepts for force 
measurement systems for different processes in aero 
engine industry. In both cases, the measurement 
concepts are unique and face the industrial challenge of 
force monitoring in a high dynamic milling process as 
well as an industrial broaching process. It could be 
shown, that the concepts work reliable regarding the 
crucial process values and this way enable new 
developments in respect to process advancements. 
Furthermore, the presented systems offer new 
opportunities of process monitoring concepts, which can 
be developed close to the production environment. 
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